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By Wallace F. D;rvis, George 4. BmJnikoff, 
" David L. Goldstein and Joseph M. Spiegel 

Annular air inl+s situated several dimnetera behind t he  apex 
of various bodies of revolution we- teated over the range of &ch 
numbers between 1.36 and 2.01 t o  determine the effect,s of relatively 
thick boundary layers upon the chaxacteristica of duct entrances in 
supersonic flight. With a l l  the ,models tested, the recovery of 
total pressure after diffusion to a low subsmic velocity wa8 found 
to be approximately two-thfrds of that through a normal shock wave 
occurring at the same free-stream Mach nuniber. SchUeren p h o b  
graphs show that the cau~e of' t h f s  low-pressure recovery i e  the 
interaction between the boundary layer and the back pressure in 
the diffuser; when  the lack pre&we reachee only a moderate value, 
the boundazy layer t h l u h m s  and separates upstream of tbe duct 
entrance. Bnce separation hEte occurred, the flow through the M e t  
fluctuataa violently. 

A cornparism of 8n inlet situated seve- diameters behind the 
apex of a body with an inlet having a a short, 50° cone ahe8.d of 
it shows that, ev8n though the thickness of the lamfnar boundrsry 
layer is apparently about the same in each case, the -&"pressure 
recovery attainable with the 50' cone m o d e l  ie more than 30 percent 
greater at a Mach ntrmber  of 1.70. This large difference in 
pressure recovery is cavsed by the greater local Mach number at 
the duct entrance of the longer model end the more severe 3nt.e- 
action between the boundary layer and the back pressure in the -: 

diffuser. 

It is concluded that compression at EL local Mach nuniber conpa?+ 
able to that of the supersonic stream w i l l  result in large losaes 
in t o t a l  pressure if the  compression  occurs in the presence of an 
appreciable boundary layer. 
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engine or the cmqreseor of a turb-&Jet englne at ckrslatlvely low 
velocity and w i t h  the maxiram total pressure possible, the problem 
of reducbg the velocity of a supersonic stream to a law eubsrmic 
awed w i t h  the minimum lose in htal pressure is of Importance in 
the deafgn of supersonid airc-t. A coneiderable mount of work 
has been done upon the problem, and, fn general, two methods for 
attainhg a high prossure recoverg have been euggeeted. In one, 
the stream is .f irst  decelerated i n  a converging channel t o  a low 
supersonic velocity; it then enters a'thrmt, or section of minFmUm 
area, where compression t o  a high  subsonic velocity  occur^ through 
a normal shock wave. Finally, the speed is further reduced In 8 
s u b s a i c  diffuser. (See referencea 1, 2,. 3, 4,) The ower method 
employs oblique shock wavea and the ccmpreesion that OCCUTB along 
the Burface of a cone t o  produce a low supersonic Mach number prior 
to the n o m 1  ahock wave in the entrance throat. (See references 3, 
4, 5, 6, 7.)  The principle of both 8chemoe l a  t o  reduce the Mttch 
nUm5er at which the normal ahock wave occur$ in order "bo maintain 

' a more nearly isentropic flaw. In the first method, the compressia 
takes place entirely within the duct 'system; whereas, i n  the second, 
sane of t b .  ccmpression ,. fs external. 

- I ." - -.A I . . .  
> .L 

The invcmtigatians at supersonic apeeds that have been performed 
in the s e t  have been concerned with duct inlets in a position where 
they redefve only the ai* of the free atream or, at  least, air that 

practical application, such a position is not alw&s feasible, f o r  

which the ' j e t  engine is in the rear of; .the fuse-, can a t ta in  a 
very high t o t a l  preseure at the engine intake w i t h  a duct entrance 
at t he  no88 of the fuselage. . However; this arrangement l e  often not 
practicable because internal space requlramnta, such a8 a YilOt'S 
coch-pit, cargo space; or structural members, w i l l  obstruct the 
p3-e betwoen the duct inlet and the engine. Ih this case, it it3 
desirable t o  place the entrance an the side of the fuselage close 
t o  the e n & h  where the subsequent ducts w i l l  not cause besign 
complications. An in le t  in such a. position w i l l  be In a region 
where the boundasy h y e r  resulting from the flow mer the f uselago 
is relatively thick. Both the t o t a l  pressure at .the engine intaks 
and the drag force of the duct entmrtce may be ssriouerly &fected. 
by the presence of t h i s  boundmy layer. 

. has. flowed but a short distance over 'a solid born-. In a 

' other design  consideratione may interfere. Far exanigle , an airplane, in 

A9r i n l e t 8  situated in regions 'of -relatively thick boundary 
layer on eupersonic a i r c ra f t  are  be- lavestfga+ted at the Arne8 

. 
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Laboratory &'the platloncal Advisory Comnlttee far Aeronautics. The 
present report contains the reeulta of the first series of teste. 
Inlets which received all of the bouadazy-layer air from the flaw 
over comparatively long forebodiee were tested in order to evaluate 
the importance of the problem and to study the nature of the flow. 
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rate of mss flaw 

t o t a l  pressure 

s-tatic preaaure 

aJnaamic prsasure . .  

ratio of specific heat at conatant pressure to the specific 
heat a t  canstant volume, 1.400 

Mach nwber 

Reynolds nunfber based upan the length of body ahead of the 
entrance 

area 

distance frog the apex of a f orebody to a etation ah*& of the 
duct  entrance 

length of the ogive of t b  forebodies h i s  A asld B 

distance fram the duct entrance to a aktim ahead of the 
settling chamber 

~. . .  

dis-ce between the entrance throat and the settling chamber 
1 

subscripts indfcate the station of the measured quaatfty. 

free stream 

duct entrance 

entrance throat 
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eet t l ing chamber 

4 ex i t  throat . 

Wind Tunnel 

The investigatfan of duct inlets at ouperscmic epeede i a  being 
performed in the Ame8 8- by &inch supersonic w i n d  tunnel. This I s  
a tunnel of t h e  closed-throat,  nonreturn tm, Three c e r i t r i f m  
ccmrpressors, driven by motors of 4500 horsepower t o t a l  rated camcity, 
furnish a continuous supply of air to t h e  wind tunnel. S i l i c w e l  
dryers maintain an absolute humidity of less than 1 pound of water 
per 10,000 pounds of dry air. 

The Mech numker in  the test Election Can be varied continuowly 
while  the wind tunnel i s  in operation between the limits of 1.20 and 
2.13 if no model is present. T h i ~  variation is produced by ch-g 
the area of the nozzle throat. The total preasure in the wind 

is available for changing the Reynolds number decreases as the Mach 
number increases. The Reynolds number per foo t  of length naay be 
set  between 6 and 8 miuian at the laweat &.ch number and at 
l.l million for the highest. 

tUIUId C a n  also be m i e d  COn-ti~UOUSly, but the pr868UX% Z'€Ul@ that 

Models .. 
Figure 1 shows a typical   instal la t ion of a m o d e l  In the test 

section of t h e  wlnd tunnel; figure 2 is a photograph of the bodlee 
tes ted;  and figure 3 ah& the dfmensioas of the models. The 
principle8 used in designing these modeJ,s are discussed in the 
sect ion  ent i t led "Design Consideratiom." 

The duct inlets of aU. the models are annuli of equal diameters 
and of areas equal to 34.8 percent of the frontal area enclmed by 
the l i p  of the  entrance, The forebody cip mcidei A consiete of a 
10-caliber ogival. nose followed by a cylindrical  Election that is 
approximately 60 percent of the length of the ogive. The length . 
of the body ahead of the  duct entrance fs f ive  forebody diamebrrr. 
The intermal duct consists of a short, constani+ama aectfon 
immediately behind the inlet which is foUared  by a curved throat 
of adJustable area. This adjuetment Crp B;L"B& can Be accmpllehed by 
moving the central  body fore and aft re l a t ive   t o  the outer shell 
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. .  . .  
Instrunentation 

- * Because of .$he di f f icu l t ies  involved in constructL.lg. equipmsnt 
'with which both pressure md drcq forces ce9 be measured simultan;- 
ously, the pralimincry tests upon duct in le t s  are being performed 
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with models i n  which only pressure measurements are mctdo. 
The static prossure distribution c;lq the diffusers is obtained 

with  flubh  mif'ices, situizted a s , s h m  i n  figure 3, that are 
connected t o  a multipletube inercury manometer. .me t o t a l  pressure 
i n - t h e  settling chamber is measured by two p i t o t  tubes which m e  
located in the upper and lcswer halves of the se t t l ing  chamberin 
order to fndicate nonuniformitg in the flow. %%e dynamic preesure 
i n  the so t t l ing  chamber is measured by the  difference between 
mdings from a s t a t i c  pressure or i f ice  i n  the &amber wall and 
the t o w  pressure tubes. An or i f ice  at the exi t   th roa t  indicates 
whether aonic  velocity exis te  through the outlet. 

A quali tative  picture of . t he  .flow about the m o d e l a  is  furnished 
by a schlferen apparatus. Photogmpb of about eight microseconds 
exposure time are W e n  t o  record the flow patterns. The knife edge 
of the schlieren appcrm*e I s  placed parallel t o  the direction of 
the flav t o  en-phasize gradlente ncwml-to the sizeam; it is I n  such 
a position that a decreasing b n s i t y ' i n  o. dcmtmrd direction  appears 
black i n  tho uppor half of the pictures. 'phe photographs do not 
8hw m e s  that m e  af uniform sens i t iv i ty  becawe vibraticm of ' 

the f lom which supports the  schlieren appratus cawee a slight 
movement of the knife edge with respect t o  tho light rare. Although 
each of the ccarrpanents of the appamtw is mounted upon a beam the 
purpose of which i s  t o  prevent any difference in the motion of each 
part, m d  even though thI8 beam is spring-supported from the floor, 
there i o  still sufficient relative motion t o  affect tho sensitivity. 
llhe vibration is especially  detrimental in this case became the 
knife edge is perpendicular to the plane at? the vibration. 

METHODS 

In prophration  for  the tests of duct  frhets, the 8- by &Inch 
s u p e r s d c  wind' tunnel was calibritted to. detezmlne the Mach number, 
pressure gradient, and stream angle throughout the te8t eection as 
functions of the t o t a l  presmm and the area of t h e .  nozzle throat. 
The Mach nunibor was .dotermind by ' schlieren photographs of tho 
oblique shock waves originating from the apex of LL cone asd ~ l s o  
by meaeuremsnts of t he  s t a t io  pressure. The stream angle was 
determined by tests w i t h  a wedge in which the static pressure 
difference upon the upper and lower ~urface8 was measured and 
c a p r e d  with Q calibration curve. 

With a mode l  i n s h l l e d  i n  the t e a t  eection of the wind tun?eL, 
the. available testing rmge, is reduced. In the  preeent tesC8, ' the 

. 
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minimum Mach number at which supersonic flaw be maintained is 
1.36. m e  m x i m u n  Mach nmber attainable is reduced t o  2.01 
because of exceseive  vibratfon of the mdels under certain condi- 
t ions of flow into the duct. The mdor i ty  of the tests were 
perfomned a t  a Mach n"r of 1.70 and at the maximum and minirmnn 
Reynolds numbers. Other t e s t e  were made a t  the maxcimm Reynolds 
number obtainable a t  Mach numbers of 1.36, 1.50, 1.9, and 2.01. 

1. !Be throat areas of the wind tunnel, the duct entrance, 
and the  duct e x i t  are all set at their lnaxfmwn values. 

2. A i r  is released through the tunnel a t  a total pressure 
that w i l l  maintain  supersonic flow at  the minlmum superqonic Mach 
number. Then, t he  throat of the wind tunnel is contracted, After 
supereonic f lm  has been established,  the throat area-of the tunnel 
is .set  t o  produce the Wch number of the   t es t  and the t o t a l  pressure 
is increased t o  the value that w i l l  give the iteslred Reynolda number. 

3. The area of the throat at the duct entrance -18 sei  t o  
produce tbe detiired contraction ratio. 

4. %e area o f  & exit thrmt is 'reduced to zero and then . 
opened t o  the maximum value in predetermined incz-eaknte. Pressure 
measurements and echlieren photogra-pha are made at each setting. 

. . .  , . 

. The reason f o r  releasing air into  the  tunnel  kt  .a l o w  Mach 
number end a lbw t o t a l  pressure is t o  reduce t h e .  inter+ity of the 
noma1 shock wave that moves through the test  .section when sup-' 
eonic flaw is established in order that the model and ita suppqrta 
w i l l  not B u f f e r  from a sudden, fluctuating load. Since G normal 
shock wavo that f a  cauaed by the deceleration of t h e  flow through 
the duct system muElt be i n  a diverging channel if it I s  t b  be 
stable, the contraction rutio at the duct  entrance is reduce.d only 
after supersonic flow has been establialzed through the M e t .  
Measurements are  made for both increasing and decreaeing- d u e s  
of the   ex is throa t  m e a  in order t o  obtain check points and also 
to d e b &  any h p b r e t i c  phenomena. 

. .I ." . 

b e t s  were m a d e '  to determine .the effect of a re la t ive ly  
thick turbulent boundmy layer entering the &kt. This boundarp 
Layer was ' producedby a 3/Linch band of Eo. . 6 0  carborundirm grit. 
at the 'nose of the body. d 

. .  . I  
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The aims of a duct inlet  design are a8 follows: 

1. .To reduce.the velocity of the flow through the duct to 
a low SUbSOnic s p e d  w i t h  the least loss ih  total 
p r e s m  and the least increase in external drag 

2. To maintain a uniform  distribution of the flow acrom 
the entrance  to  the settling chamber 

3. ?lo avert any discontinuity in the character of the flaw 
tbtat might result frcm a change in attitude, in epeed, 
OT in. the preseure  conditians  within the settling 
chamber 

The forebody and duct inlet of model A a r t . .  intended to rep- 
sent the  fuselage of a typical  supersonic  airplane that has a duct 
entrance  located near the ste.rn, in a region of appreciable 
boundary layer. In order to reduce the  number of variables of the 
tests, the subeonic diffuser was designed to minimize the l O S 8  
even though it probably w i l l  not represent a gractid spplicatlon. 
Ro pasticuhf care%ae taken in the design of the exteraal  surface 
of the diffuser shell'because only the internal preesure recovery 
was to be measured in the preliminary tests.  The shape of the 
f orebody O r .  model A was dete-ned by the requirement that the 
Mach number at the duct inlet be low fn order to reduee %he 
intensity of 8 normal shoclrwa+e occurring inside the entrance. A 
cylindrical section waseused behind the ogiTEtl nose beCauee a 
compreseion,  or reductfon in Mach number,occuraalong its surface. 
The preseure-coefficient distributian, a0 cauputed by the llm- 
arlzea theory of reference 8, ie shown ' i n  figure 4. The preeaure 
coefficient at the inlet I s  pll, -0.020 at a Mach n m b r  of 
1.70; in other words, the lodal Mach nbber, 1.73, ie nearly that ' 

of the  free  stream. The variation of 'the pressure  coefficient 
with Mach numbr st the poeition of the et is al80 small, from 
-0.027 at a Mach nmber of 1.20 to 4-01 tP at 8 Mach number of 2.10; 
therefore, the velocity  at the duct entmce is duaye nearu. that 
of the free stream. Since the distribution of the pressure coeffl- 
cient along the cylindrical  section appmches zero asymptotically, 
very little  additional  compression can be attained by placing the 
fnlet farther aft. The lip at the duct entrance of model A waa 
made &a eharp as poseible and the internal surface was designed to 
be parallel to the local stream In order to minfmiee the Internal 
dlsturbanue caused by  the Up. . A  variable  contraction r a t i o  at the 
entrance WBB used, because it has been shown that additional 
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pressure recovew can be attained once supersanic flaw has been 
established by redusing the throat area ,and thus the Mach number 
at which the normal ehock wave occur3.' (See references 1 and 3.)  
The thrcet was extended f o r  a short distance with very little 
divergence in the yamage in order t o  s tab i l ize  the -position of 
the ROUUL~ shock wave'as suggested in kferehce 9. 

* .  
Although the cylindric,&l eections of the boiLiea of models A 

and B provi&e- sane cnmpresaion ahead of the' duct inlet, there is 
a conf l i c t iq   e f zec t ;  namaly, an ~dv-erse pressure gredient that 
will thicker,  the bowrdaxy layer e-d ,  for a laslfnsr bouudrsy layer, 
decrease it8 a tab i l i tg .  In order to-avoid  these cmsequencea, the 
body of model C was deeiped t o  +ve a favorable gmdient over I t s  
entire lertgth. (See fig. k. ) The Mach r?uuiber at the Luct entrance 
is increased slightly &B a result, f o r  a t  a Z r e c + ~ t r e a m  Mach nmber 

which corresponds t o  EL local Mach nmber of 1.76. 
. of 1.70, the presswgt coefficier-t-at  the duct entrance $8 -0.041 - 

. .  

Since th9 l e m h  of surface which the flow must traverse before 
reachbg the ertm-ce affect2 the t h i cbeae  of the  boundary layer, 
the forebody of no6.&3. D xas designed to reduce this length - 
8ubsk.ntially. The distance a8 measured a l o x  the surface between 
%he apex of the b e  and the duct ebtrance is 3.665 Inches for 
mociels A and B, 3.650..1n~kres for model C, and 1.887 inches for 
model D; in other wor_aS, .the length of rtzn ovBr m b h e l  D i a  about 
P 2ercert-b of that of t% other.model6. &e pressure gradient along 
the f o r e b d y  is entirely favorkble, the pressure coafficient at 
the entrance is zero at a fre-tream mch number of 1.70. ( B e  
f ig .  4.) 

, .  

RlEx%L!I?s 



recovery of models A, By C y  and D; .an& figure '7 shows the ef fec t  
of Reynolds number and a turbulent boundary layer upon model B. 
The static pressure dietribution along the  subsonic  diffuaer of 
model B is s h m  i n  figure 8. B e s e  c m e ~  represent the result8 
a t  a Mach Ember of 1.70. Figure 9 show8 the effect  of Mach 
number a the pressure recovery attainable with model B. A cross 
plot  .of the maximm pressu~e recovery attained by each model as a 
f u n c t i o i d  the free-stream Mach number is shown i n  figure 10 
together with C W B  sharing the presqwe recovery across a norntal 
shock wave oc.curring at the  same free-stream Mach nunber m d  the 
recovery w i t h  the ~ O O  cam model. 

Sc'hlieren photographs of the flow about the entrance of model A 
for entrmce  contraction  ratios of 1.0 and 0.8 are s h m  in flgure 11. 
Figure 12 shws t h e  flaw over m o d e l  B with a turbulent boundary layer. 
The turbulent chamctar of the f lm can be identified by the diffuse, 
grey region next t o  the surface of the body. "he laminmy boundary 
layer, shown in  the  other pictures, is characterized by a sharp, 
white or black region. The fluctuatian that 1s typical of the flow 
about  the  entrmco of all the  models at  outlet-ffiet-area ratios 
below the value which produce8 the maximum pressure recovery is 
shown in figure 13. These photographs were &e consecutively 
with no change in any of the externally variable parameters. They 
&e of model C because the effect I s  mst pronounced i n  this case. 
Figure 14 shows the flow about the  entrance of model'D. Since the 
schlieren photomph8 8hW not t ke  flaw d i S b b a n C 0 8  =Used 
by the presence of a modal i n  the wind tunnel but a l s o  imperfec- 
t i m e  i n  the glass wtndowe and demi ty  gradients i n  the s W t m  that 
are not caused by the d e l ,  photographs of these ehraneous effects 
&re shown i n  figure 15. 

The accuracy af' the   resul ts  ca51 be judged by cons ider iq  two 
general classifications of t h e  sources .of-error .   Firs t ,  are the 
errors th&t.result from variations In the  uniformity of the flow 
through the t e e t  soction of the wind tunnel; second, are those' 
that result frm fnaccurscy in '  the maeuring technique. 

. 



The grzdlent of Mach number wer the length of the model between 
the apex of the body and the 6uct id&  is only 0.3 percent. The 
variation in the  etresm angls throughout the t e s t  section €8 between 
510, but the matfon over the length of the nodel ~s f~ .kO. me 
effect of these dev5aticm upon the t e s t a  of  duct '&et6 is thought 
t o  be small, 

In a supersonic wind tunnel, the  presence of moisture in the 
air CM came an er ror  if the aastnnption'is made, as it was in this 
case, that the total prqss-me in the test section is the 88me as 
that i n  the se t t l i ng  chamber. However, if the. water content of the 
air is d n t a i n e d  at lese than 0.0001 pound of water per pound of 
dry air, as was done in the  preeent t e a t s ,  the effect upon the total 
pressure is negligible.- 

Since  the of the entram8 and the exit to the duct 
dotermiae the nature of the flaw, they m u s t  be hm accurately. 
The diamsters of a8 entrance and exLt were therefore measured 
precisely. There i8 a slight vaxiation in the mea of the .exit 
thrmt that results from play between the threads of the leed &crew 
and also between the teeth of the miter g e m s .  Measuremnts shuw that 
this  variation ie within &&*3 percent. 

Tho accure,cy of tke pressure measurenente .depends upcm the flow 
conditions about the duct e n a c e .  When the E~85-fhW r a t i o  is 
below that far mx&mmn pressure recovery, the flaw in to  the fnlet 
is meteady. Because of t h e  L a g ,  in the tubing connecting the  
orifSces and the manoIlletsr board and became of the inertia of the 
mercury in  the mznametcr, the readings =de in this mess-flaw 
reprassont average value8, a d  they may'not be a8 accurate as they 
appem. When the flow conditione are steady,  the manometer tubes C E L ~  
bo read to within fi millimeter of mercury, or within a.1 percent;. 
Under the most adverae  conditions the readings can be made to wcrithin 
t 5 millimeters, or withh 1 percent. 

The beterm3rmticm of the maas fhow.through the m o d e l  is 
dependent upon tho total pressurc and tomperatme in the settling 
chamber and the area of the exit thrmt. !Bo astimption is mde 
that the total temperpturo i8 the same a8 that of the free streasl. 
It is believed that the .mass-flas ratto l a  accurate to within 21.3 
percent. 

The total-preesure measurements in the aettling chamber a? the 
d e l e  fndicrzta not only the losse8 at  t h e  duct inlet  but also-the 
losaee that occur in the subeonic afffwer. %e nnzgnitude of the 
L t t e r  Lossoe can be estimated from the testa of the Wo.cone m o d e l  
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DISCUSSIOR ' 

Since there is no appreciable Qfference in  the total 
presaure attained w i t h  models A, B, C, or D, t h e  general properties 
of flow into z1s1T1uLJIcu" duct inlets aituated in a region of r e l a t l v e u  
thick b o u n w y  layer are discussed, and then the causes of t h e  
a m l l  differe~ces in the flow through the models are described. 
Finally, the flow conditione about m&el D w e  ccmpmed to those 
about the 50° cone model i n  omfder t o  explain the large difference 
i n  total-pressure recovery a t h l n a b l e  with each tm of inlot. 

General Flow Properties 

If it is assumed that  the t o t a l  temperatme in the settling 
chamber of t he  models i s  the sam~, a8 that of the froe stream md 
if sonic velocity is  maintained ut t h e  oxit  throat, the rolatio- 
ship between the mass-flow and total-pressure ratios is indicated 
by t h ~  foLlaying equation: 

7+l  

The maes-flow ratio at a given Mach number l e  thus a- function of .  
tho total-pressuro md out le t -Wet-urea ratios, and bomuao of 
the cmyress ib i l i ty  of the fluid,  it can be greater than one. 
For the fjOo cone model, the maae-flow 'ratia macho8 a value of 1.3. 

!The total-pressure ratio is depenbnt upon the out2etAnlet-  
area ratio. If the area m t i o  is large, tho total preesure in the 
se t t l ing  chamber 2s'  L m  c m p x e d  to the nax3m.m attainable. A s  
sham i n  tho  schlieren photogmphe, the flow through tha duct 
inlet is supersonic for  such a condition, a d  lnside the subsonic 
diffuser, the flaw velocity incmcb8loa as &own by the docronso in 



the s t a t i c  pressure immediatelr behind the entrance . (See f ig .  8.) 
Therefore, the deceleration to a subsonic speed. occur8 a3ruptly 
frm a relatively.high local Mach number, and the resulting shock 
losses axe h g e .  As the outlet”inle.tiarea r a t i o  is reduced towaxd 
one, the pi-essme in the se t t l ing  chamber rims rapidly, This 
increase is the result of the reduction Tzl the intensi ty  of the 
ehock. loeses. As the back pressure in the settling chamber 
increasee;  the  position a t  which the shock lossea occur moves 
toward the duct   inlet  and into a region of lower local Mach number 
with a resulting’decreaae in the entropy r i s e .  !L’hf~ movement of ’ 

the shock losses as the outlet-inleb-qrea  ratio i s  reduced is 
indicated in figure 8 bg the posttion af the abrupt r i s e  in the 
s t a t i c  pressure in the subsonic diffuser. Since, with the excep- 
tfon of the fluid in t& b’oundary layer, the flow through the duct 
entrance 1s sixpersonic’ f o r  these . k r g e  vahe’s  of the .  outlet--i,nlet- 
area ratio, the mass-flow ‘rat20 is very nearly constant. 

The largest -i;ot,aL-yrees~g-e r a t i o  OCCUTE, of course, when the 
losses  in pressure &re the least. mi8 condition exis t s  when the 
shock losses fn tple subsmic diffuser occur near the inlet, o r  at 
the minimum l o c d  Mach number. ”Le flow through the  entrance is 
aupersonic, . a n d  the maa~4low r a t f o  i s  very nearly the same as it 
was for larger  values of t h e  outlet-inlet-area ratio. 

A s  the schlioren photographs show, when the. out1et”inLetxwea 
ratio is reduced below the value tha.t produces  the maximum t o ta l “  
p r o s e m  recovery, the boundary layer thfckens an& separates 
upstream of the duct ontrance. This phenomenon is pOS6ible in . 
sugersonic flow bocauso the effect of the adverse pressure gradient 
at the in l e t  extends upstream through the subsonic boundargr lapr. 
T’be r e su l t  fs t h a t  only air of a re la t ive ly  low dynamic prossure 
flows through the entrance. Further M u c t i m  i n  the out lot -met -  
area r a t i o  reduces ths mass4low ratio toward zero, but  there is 
l i t t l e  change in the total-preasure ratio. 

Mtor separation has occurrcd upstream of‘ the duct entrance, tho 
flow becomir unsteady. Consecutive schlieren photographs show that 
the velocity th rough tho i n l e t  may be e l t h o r  suporsonfc w i t h  a 
rolative3.3- thin boundary layer,. or it ~ & y  be subsonic with - 

completely satparated bounaa3.y lager (See fig. 13. ) The roaam 
f o r  the fluctuatfng flow is that, aftor separation has once . 

, occurred, the back pressuro fn the settling chamber docreases and - the cause of the  separation djsappaam. 5 boundary layor then 

- duct. Such a condition fs transitory, f o r  the back pressure in 

resume8 i ts  normal course along tho surface of the body, and the 
high-energy air of the supersonic stream once again enters the 



the se t t l ing  chamber immediately r ises ,  thickens the boundary l&yer, 
and c a F e s   t h e   q c l a  t o  repeat. 

A notable f a c t  is that no nofllII&l shock wave fe eT$d.ent i n  the 
s t a t i c  pressure distribution  along the Bub8oniC diffueer or in any 
of the schlieren p h o t w p h s .  No abrupt rise i n  static preeeure 
of the magnitude that would be expected w i t h  a single n-1 shock 
wave occure. If there were no boundary layer fluwing into the duct, 
a lsudden riee .In static  pressure at l e a s t  twice that indicated by the 
t e s t s  would result from a nanasl shock wave i n a i b  the sqbsonic 
diffuser. (Bee reference 2. ) The effect of the boundary laxer? is 
t o  obscure  any pressure cUscontlnuitfes a8 measured by static 
pressure orifices and a l s o  t o  change the  effective shape of the 
channel. As discussed i n  reference8 10 and 11, the %hickenb! of 
the boundary layer that r e d t s . f r o m  an adverse preasure gradient 
caw88 weak oblique shock waves that reduce the intensi ty  of the 
subsequent n o m 1  w'ave and thua dis t r ibute  the preesure rise over 
an appreciable length. While the boundary layer is Heparated 
upstream of the in le t ,  the velocity of the air flcwing in to  the 
duct is eubsonic, and a n o m 1  shock wave carmot e r le t .  

The effect  of increasing the free--streamMach number is  to 
reduce the totQLpre88ure ratfo. (See fie. 9 A cmpezison of the 
maximum total-pressure r a t i o  attainable with models A, B, C, and D 
with the total-peesure r a t i o  acroefs a n o m 1  shock wave occurring 
at the same free-stream Mach number shows that the recove= w i t h  
the models is only  about tw+thi&s that of the shock wave.  (See 
fig. lo.) 

specific Models 

Model A 

If there were no boundary layer at the duct inlet or inside 
the diffuser, a p r e s m  recovery @;rea& t&n 93 percent ahould 
be theoretically attainable at  a free-stream Mach number of 1.70' 
with m o d e l A  havlng an entrance cmtract ion ratio of 0.73. A 
no- ahock wave would exist i n  the entrance thrcat a t  a l o c d  
Mach number slightly greater than one,' and it would be of minirmrm"' ' 

intensity,  Tbe lowest recovery,  about 85 percent, would occur 3 f  
tho normal ehmk wave existed in the relativel;g high Mach number 
region immedistely ahead.& the entrance. Ihs presence of the 
boundary layer a e & w l y  altere these limits, for the  best recovery, 
8 s  attained in tests of model- A a t  a Mach number of 1.79, is only 
56 percent. A contruction a+ the entrance, 'which i n  the abeence 

. a  

.. 
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boundary leyer improves the recovery, has a detrimental effect. 
f:& 5 . )  

When the  entrance  contraction  mtio of model A is -reduced. the 
m a x i m u m  va3.m of the ms€+flcw ratio decreases. It l e  appmenk'frm 
the eqnatim tha t  relates the ratios of mas8 flow, total pressure, 
and outlet-inlet area that the reason f o r  this reductirk is a loss 
in t o w  pressure between the supersonic stream and the s e t t l i n g  
chamber at equal values of the out3+t-tple-kuwa r a t i o .  Tie 
schlieren  photographe show tha t  eonslzfction of the  duct  inmediately 
behind the entrance causes asl aRverse pressure gradient that fa  
suff ic ient  t o  t_"ickeq t h e  boundazy layer ahead of the i n l e t  even at 
large values of the ou-t;let m a .  (See fig, 11.1 The resfit IS a - loss i n  total pressure in t';e Bettl ine 'chamber that increases as 
the i n l e t  passwe iB. contracted. The maes4low ratfo 18 greatly 
affected by a constriction, while the mximum total-pressu~e ratio 
is affected o n l r  sl ight ly  because the otitlet-inlet-ame ratio at 
which the maxirmm occurs dec3:reases with the contraction r a t i o ,  

At.a Maoh ntllaber of 1.70, the mass-flow rat 'lo corresponding t o  
the m a x i &  -Lotal"preeaure ra t io   a t ta inable  Kfth model A is about 
0.92 or lees than t h a t  0%' m y  of %he other  m o b l a .  (See fig. 6 . )  
The docreasad flow rate €8 the readt of a -greate~-~loss i n  total 
preesure at equal valnes of the out lot- lnlehwea rettfo. This 

e f fec t  of %'e exhnded entrance throat upon the boundary layer. 
The n a t E a l  growbh of the boundary lay-er effectively produces a 
converging channel even though the walb of thc passage are parallel 
f o r  a &or% distance and then only s l igh t ly  divergent. The resulting 
pre8etu.e a d i e n t  furtbe: increams the boundary-layer thickness and 
cause8 an incream in entropy. Tho- .tho maximum wss-flow ' r a t i o  
of nodel A $8 less than thoee of model.8 B and. C, the maximum total- 
prcssure ,ratlo is slightly greater. It 5s  possible t h a t  th is  '. 
improvomont 16 tho rosult of tho stabi l iz ing e f f ec t -  of the extended 
throat, for the back preasure in tha se t t l i ng  chnber of model A 
CM be increase& t o  greater vdues than with models B and C because 

t h r o a t  may stabi l fze  'tho flow at t&e e n t m c o  of the ,diffuser as 
explained in reference 9, and it also separates the boundary layer 
ahead of the entrance from the back pressure in the diverg- 
d i f fuaor  by an qpreciable distance. 

- lower recovePy of model A is probably "le result of the adverse 

.~ the bounhsy  layer w f l l  not aeparato as readily. The extenCed 

Model B 

%e maximm toixd-pressure ratio attainable with model B at 
Mach number of 1.70 anit a Rejrzlolds number of 2.9 million is - 

". 



The effect of increasi~g the surface rou&mesa with a band 
of carborundum grit t o  ensum a turbulent boundary layer over the 
entire length of the  forebody ia.to decrease both the rmxbmm to ta l -  
preeaure ratio and khe m%sa-flaw ratio. (See fig. 7. ) At a free- 
stream Mach number of 1 .TO, the tyrbulent boundary layer  came^ a 
loss of about 3 percant in-the.msxi;num total-pressure r a t i o  and 
6 percent In  the mtlss-flow ratio. Since a turbulent boundary layer 
is more resistant t o  separation than a'lmainar one, It would be 
expected that the flow through an inlet would remain supersonic a t  
greater values of the back pressure If a completely turbulent 
b m d a r y - l a y e r  existed over the forebody. Bowever, the results 
show tbat sepmation 0ccw.s at nearly the eane value of the oatlet- 
inlet-a;rea ratio whether the boundary layer -is  lamfnar or turbulent. 
(see f ig s .  U- and 12. ) ft is po8sible that a thinner turbulent 
boundmy layer  than  that produced by carborundum pit a t  the nose 
or' the foreljody would result  in a m  improvement. 

Model C 

At a Mach number of 1.70, the mximum toixl-premure m t i o  of 
nodel C is  51 percent at a mass-f€crw ratio o f  0.96, (See f ig .  6 , )  
The pressure recomry .of model C is  less th0-n that of any of the 
other modcile became  .the boundary Layer sepzrates &ad of the 
inlet u t  a greater value of the outletclnletxmea ratio. In other 
words, the beck pressure in the dlfftmer hag a greater adverse 
effect. . .  

Model D , 

Tke thickneea of the bounhry layer  c m  be eubstantially 
red&& k-:-l;nou+, altc?iq t'% cl.macter of the f lm:  i n t o  this type 
of auct errtrace,  for only a slight imiroveiient in peesure 
recovery is  attained w3th model D. .(See f ig .  6.) The boundary 
layer thickens and eepam-tes i n  the earns manner that it does w i t h  
the other modela, (See f i g .  14.) The thicknose of the boundary 
layer at  the duct entrance 0f.ol.l. the forebod7 shapes has beon 
computed, assuming no back pressure in.the W f u a e r ,  by the  method 



of refererrce 52. The thickness of the boundary layer, as defined 
, in . these  calculat ions i s  the distance, normal to the SuIPfBce, at 
which the I& velocity I s  eqW t o  0.707 times the velocity out+ 

. side the boundary hyer .  A t  a free-atream Mach nuniber of 1.70, 
the thickness for model8 A and B is 0.0053 inch; for  model C, 
O.OO@ inch;  and f o r  model D, 0 .OOlg inch. Crrlllp~l.ri8on of the 
velocity profile6 and schlieren photographs of the boundary layers 
described in  reference i3 shows that   the  density  gradient.  
indicated by the schlieren apparatus ekkenda t o  a normal dista3lce 
at whfch the locaL velocity is roughly nine-tenths the velocity 
outside the boundary layer, If this figure is assumed, the 
calculated thiclmess of the boundary layers of the mrioua models 
agree In order of magnitude with those detemnined fram inspection 
of the schlieren photographs. 

c 

Camparison with the 50° cone model.-  The thiclmess of the 
bonndrcry layer of the 50’ model, E18 cosrputed for the ’f3BmB , 

conditions and by the same method a8 for the other mdele ,  is 
0.0016 inch, nearly equal t o  that of model D. However, the 
mrucimum totaL-preesure  recovery i e  91- percent at a fkee-stream 
Mach nmiber of 1.70 ae cclmpsred t o  58-percent recot-erg with . 
model D . (see f ig .  10. This “ge difference i n  pressure 
recovery i e  caused by the greater lo+ Mach nmiber st the duo% 
entrmce of the longer model. The local Mach numbers, a s  
determfned theoretically, a m  1.1” f o r ,   t h e  5 0 Q  cone model and 
1.70 f o r  model D. ’Berefore, the cmpressiw that occur8 a t  the 
e n t m c e  of the latter model is greater, the in temct ian  with the 
boundary layer is more Bevex%, and the resulting losses tzre much 
larger. To ccanpare t h o  W e t s  at the same entrance Mach nuniber 
of 1.5, the Wo cone m t  be at a free-stream Mach  number of 2.1, 
at which value ’ the pressure recovery is about 78 percont. With 
model D, the fie" Mach number is nearly 1.5 and the  recovery 
is 66 percent. The reason f o r  t h ~ s  difference a t  the B & ~ B  ontrance 
Mach  number is not understood at the -present time. A n  investigation 
of the effects of local Mach.number upon the boundary layer is being 
perfomed t o  determine t h e  mums.  

Although the tata1”pressure  recoveries  with models A, B, ‘C and 
D are much less ’ t h a n  that of the Wo cone model, this cr l terfon 
does not fully determine their worth.  The drag oaused by the fore- 
body and the  duct system of each model w i l l  differ fram that of 
other models; therefore, final comprisons of inlets muet not only 
include the total-reasure recovery but also the drag forces upon 
the fusel43ee that contain them.. 
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It is apparent that Large. &oases in to@l. ~ W S B ~  result fram 
a duct  entrance situated in a region of appreciable boundary layer 
where the local  Mach nmber 5.8 c o m b l e  to that of tple free-stream. 
Reductian of them losses can be 'achieved by reducing the inte- 
action between the boundary layer  and.the back preasure inside the 
diffuser. This &duction can be accaapltshed either by decreasing 
the local Mach number a t  the duct entrance by a method that w i l l  
produce e x t e r n 1  compression with no adverse effect  upan the 
boundary layer or by decreasiw the amount of boundaupg"layer air 
that reaches the entrance. 

Tests at Mach numbers .between 1.36 and 2.01 of annular duct 
in le t s   s i tua ted  several diameters behind the apex of bodies of 
revolutfon have shown the following effects :  

1. Because af the,interactiori  between the back preesure Inside 
the dlffuser and the boundary Layer flawing in to  it, the t o ta l -  
pressure recovery attained is approa3n@te.ly two-thirds of that of 
a normal ehock wave occurring. a t  the fre-tressl Mach number. 

2. When the mass-flm ratio I s  l e se  than that which produces 
the lllpxlmum total-pressure  ratio, the ,flow -to the duct  fluctumtea 
violently. T h e .  flow m y  be ei ther  supersonic through the in le t  
w i t h  a relat ively thin boundary layer, or it may be subsonic w i t h  
a conqletely separated boundary layer. 

3, An appreciable cha.nga in the thickness of the laminar 
boundary layer.or even a relatively  thick turbulent layer hae 
only negligible  effects upon the recovery of t o t a l  preseure. 

4. Reducm the l o c a l  Mach number immediately behind t h e  
duct  entrance by constricting  the channel has a detrimental ef fec t  
if a relatfvely thick boundary layer flowe through the lnlet . 

'In general, cmrrpreesion at a Mach number ccnnparable t o  that 
of the supersmic  e t rem Will result i;n large losses 3n total 
pressure if t he  capmesion occurs. i n  the gmaence of an ELppreciabLe 
boundafy layer. 

Ames Aeronautical  Laboratory, 
National Advisory C-ttee for Aeronautics, 

Moffett Field, Calif. 
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Figure +Pressure - coefficienf disfribuflon over - fhe forebodies of models A, 6’’ D 
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figure 5 - Vuriution of total pressure ratio 
wifh mass f/ow ratio for  model A wifh 
several entrance confraction rufios 
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f@te 6 - Vuriution of total pressure ratio 
with mass flow ratio for mode/s 
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Figure 8b- Variation of  static pressure dong the sub- - sonic diffuser o f  model B 
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figure 9.- Vcrriution of tutu/ pfessure ratio 
with muss flow ratio for mode/ B 
at severq/ much numbers 
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Mach number Mo 
figure 10.- Variation of maximum total pres- 

sure ratio with much number 
7 



NACA RM No. A7G15 33 

. 

- r  - 

&/Al = 1.20 

. ." . . 

. 

-. 

A-11518 
7 -22 -47 

pignre II.- Schlteren photographs of %del A shoving the flow at 
varions oatlet-inlet mea ratios for entrace eontraction ratios 
of 1.0 and 0.8. 
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Figwe 12.- Schlieren photographe of model B showfng 
turWent boundary layer over the forebody. 
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Figure 13.- Schfleren ._dhotographs of modal C showing the 
fluctuating f l o w  upstrean of the entrance. 
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Figure 15.- Schlieren photographs of  the test section of the 
8- by &inch wind tuanel with no model installed. 
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